It has been demonstrated that the Porphyromonas gingivalis cysteine proteinases (gingipains) activate and/or degrade a broad range of host proteins. Inactivation of gingipains R prior to infection of mice results in a decrease in the virulence of P. gingivalis. Analysis of mouse, rabbit, and chicken antisera raised to gingipain R1 demonstrated that the hemagglutinin domains of gingipains are very immunogenic; however, immunization of mice with a peptide derived from the hemagglutinin domain did not protect mice from P. gingivalis infection. Our recent studies indicate that immunization of mice with a peptide corresponding to the N-terminus of the catalytic domain of gingipains R results in the generation of an immune response that affords protection of mice from P. gingivalis infection. It is postulated that the protection observed results from the inactivation of the enzymatic activity of gingipains R as a result of antibody recognition of a processing site on the gingipain R precursor.
Porphypain-1 and -2 Single-chain, high-molecular-weight Arg-Xaa-specific and LysXaa-specific proteinases NOTE. Arg Å arginine; LPS Å lipopolysaccharide; Lys Å lysine; Xaa Å unknown amino acid. * The strain from which the gene was identified is indicated in parentheses.
HGP27) derived from the nascent hemagglutinin domain (fig-
with regard to reports of the numerous diverse proteinases produced by P. gingivalis [5] . The structures of the prepropepure 1 and [6]). The exact processing and assembly of soluble or secreted mature hemagglutinin proteinase may vary from tides and of the catalytic domains are virtually identical for a variety of strains, with minor differences between the sestrain to strain and may explain the confusion in the literature Figure 1 . Schematic comparison of the initial transcript of rgp1 (gingipain R1) from strain HG66, the kgp (gingipain K) genes from P. gingivalis strains HG66 and 381, and the porphypain from strain W12. The structure of the proporphypain gene (the product of the prtP gene) from strain W12 and that of kgp from strain 381 are basically identical to that of kgp from HG66, except for the region encompassing the junction between GP17 and GP27 (amino acid residues from approximately 1,190 to 1,370). The same shading indicates an identical sequence in all four proteins; different shading indicates different sequences.
quences being confined mainly to the region encoding the hemand putative histidine residue of the catalytic dyad, is nearly identical with the catalytic domain of gingipain R1, but both agglutinin domain (figure 1). Both gingipain R1 and gingipain K exhibit no similarity to any known cysteine proteinase, and structures differ considerably at the C-terminus [8] . It has been speculated that the rgp1 and rgp2 genes originated from a they appear to represent an emerging distinct branch of a family of proteolytic enzymes in which the catalytic apparatus is likely common ancestor gene [8] . The 2 rgp genes may have been generated through the duplication of an ancestor rgp gene, different from that of other known cysteine proteinases.
Comparison of the nucleotide sequences of rgp1 and kgp insertion of the hemagglutinin domain region into 1 copy of the 2 rgp genes, and homologous recombination between the indicates that a majority of the C-terminal sequences of these genes are identical. It has been suggested that recombinational proteinase domain regions of the 2 rgp genes. This is supported by experimental evidence that nonreciprocal recombination can rearrangement such as transposition or gene conversion may have occurred in this nucleotide region between kgp and rgp1. occur in P. gingivalis [8] . At least two other DNA regions on the P. gingivalis chromosome that may encode for other hemagglutinins share homolGingipain R1 Structure, Secretion, and Proenzyme ogy with this region, a circumstance suggesting that these DNA Activation regions may have also taken part in this recombinational event [7, 8] . It is also possible that these DNA regions may have
In most P. gingivalis strains the partially processed, active proteinase/hemagglutinin remains associated with the bacterial been supplied from the chromosomal DNA of other P. gingivalis cells (horizontal gene transfer). Gene-conversion-type resurface in the form of a single polypeptide chain [6, 16 -18] or as a noncovalent complex between the proteinase and the combination has been observed in P. gingivalis [7] , and thus it is reasonable to postulate that recombination between hemagglutinin domains. The proteinase/hemagglutinin complexes are also released into the media either in association P. gingivalis rgp1 and kgp could occur by such a mechanism. There are a number of examples in which gene conversion with outer membrane vesicles or in a soluble multichain form [4, 6] . The active-site cysteine residues of gingipain R1 and results in antigenic variation of genes in a variety of bacterial pathogens [9] . The ability to undergo antigenic variation proporphypain/gingipain K have been determined [17 -20] , while the location of the histidine residue making a catalytic dyad of vides pathogens with protection from immunologic challenge by their hosts.
cysteine proteinase can be predicted from the sequence alignment [19, 20] . In addition to gene conversion, evidence also exists of transposition as a possible mechanism for recombinational rearIn comparison with information on the catalytic domain, less information is available on the location of the functional rangements in P. gingivalis (Simpson W. et al., unpublished data; and [10, 11] ). It is well established that genes proximal subdomains within the hemagglutinin domain. A recent study indicates that the hemagglutinin domain of gingipain R1 is to an insertion element can be subjected to transposition or deletion [12, 13] . It is interesting that the P. gingivalis endogerepeated four times in the hagA gene of P. gingivalis [21] . An interesting feature of the hagA gene is the occurrence within nous insertion sequence (IS) element IS1126 was found 3 to the prtP gene (kgp homolog) in strain W12, and it was sugits structure of several large, contiguous direct repeats. The most profound is a 50-amino-acid sequence that is repeated gested that this IS element could serve as one end of a composite transposon [13] . Recombination within the locus encoding three times in rgp-1 and kgp, two times in porphypain, and five times in hagA [21] . These repeats have been postulated to gingipain K could thus have occurred via a transposition event.
In support of this contention, we have found that IS1126 is be involved in the hemagglutination activity of P. gingivalis; however, the exact location of the hemagglutinin active sites capable of transposition in P. gingivalis. Analysis of a P. gingivalis strain in which IS1126 was mobilized indicated that has not been defined. By analogy to fibronectin-binding proteins from other bacte-IS1126 had inserted directly upstream of the kgp gene. In addition, we have recently identified a second endogenous P. gingiria, a likely candidate for such a structure is the -Phe-Glu-GluAsp-motif, which is present in the triplicate repeat or in the valis insertion element, PGIS2, and have documented the transposition of this element in the P. gingivalis chromosome [10].
proline-rich region following these repeats [22] . The only defined fragment for which experimental data have been generThus, the ability of IS elements to be mobilized within P. gingivalis, together with the finding that these elements ated to support a role in hemagglutination activity is the sequence between the repeats and the -PNPNPN motif [23] . are commonly found flanking the kgp locus, indicates that the variability in this locus may be due to genomic rearrangements These studies also established that this fragment may be a target for the host's immune response in adult periodontitis. facilitated by transpositional events.
In contrast to gingipain R1, gingipain R2 is expressed as a With use of a series of overlapping synthetic peptides, the hemagglutination epitopes were recently mapped to residues preproenzyme missing the majority of the hemagglutinin domain but otherwise closely related to the rgp1 gene product 1,073 -1,112 [24] . The observation that in most P. gingivalis strains the major- [14, 15] . The N-terminal two-thirds of the primary structure of mature gingipain R2, containing the active-site cysteine residue ity of the cysteine proteinases are associated with cell surfaces / 9c63$$mr18 02-24-99 10:55:43 cida UC: CID and outer membrane blebs indicates that these enzymes are outer membrane -associated proteins. Thus, as part of the secretory pathway, they must transverse the cytoplasmic membrane and become inserted at least transiently into the outer membrane. In this regard the gingipain journey to the cell surface and eventually to the extracellular milieu resembles the secretory pathway utilized by the IgA1 proteases of Neisseria gonorrhoeae; Neisseria meningitidis; Haemophilus influenzae; a serine protease of Serratia marcescens; the vacuolating cytotoxin of Helicobacter pylori; SepA, a secreted protein from Shigella flexneri; and EspC, a secreted 110-kDa molecule of enteropathogenic Escherichia coli, all of which are secreted via an outer membrane -anchored intermediate [25 -27] . This is typical for proteins that mediate their own transport and are secreted by a type IV secretion mechanism [27] . These molecules use a secdependent pathway and cleavage of a classic signal sequence to translocate across the inner membrane. Proteins secreted by a type IV secretion mechanism can direct their own passage across the outer membrane and function as autotransporters, to excessive proteolysis [6, 16, 17, 28] . In P. gingivalis W12, single-chain, membrane-associated, high-molecular-mass forms maining part of the proenzyme to the cell surface. (3) At the (120 kDa and 150 kDa) of arginine and lysine specific cysteine cell surface, the profragment is cleaved autocatalytically and the proteinases are typically isolated [18] . Western blot analysis with enzyme acquires its active conformation. It is assumed that the use of gingipain R1-specific antisera and confirmation by the N-terminal prosequence stabilizes the proprotein structure during specific labeling of the active-site cysteine residue revealed that transport and assists the proteinase in folding on the cell surface. membrane-associated enzymes contain an extra 15-kDa polyThis scenario is supported by the observation that the progingipeptide [16] , presumably involved in outer-membrane anpain C-terminal region contains an amphipathic b-sheet motif choring.
interspersed by hairpin turns and loops [30] . This structure is A similar mechanism may function in gingipain R2 secretion.
characteristic of structures involved in the autosecretion of the Although the nascent polyprotein product of the rgp2 gene is IgA1 proteinase from N. gonorrhoeae, the serine proteinase from missing the majority of the hemagglutinin/adhesion domain, it S. marcescens, and a metalloproteinase from Thermus aquaticus still contains the C-terminally located sequence of 56 amino acid [30] [31] [32] [33] . Thus, the C-terminal portion of gingipain may assist residues that shares 40% identity with the equivalent part of the in gingipain transport, anchor the mature complex in the outer gingipain R1 initial polyprotein. membrane, and function as a surface hemagglutinin/adhesin [6]. Based on the similarity between the progingipain structure and that of the Neisseria IgA1 protease precursor [25, 26] At the same time, the enzyme degrades C3 and in this way § Scored on a scale from //// (severe) to 0 (none).
eliminates the creation of C3-derived opsonins, thus rendering P. gingivalis resistant to phagocytosis [36, 37] . The massive accumulation of neutrophils in the inflamed periodontal tissue P. gingivalis with several inhibitors specific for cysteine proteinases. In previous studies we established that gingipains R importantly contributes to the very high levels of active granular proteinases (elastase, cathepsin G, gelatinase, and collagenand gingipain K are susceptible to E-64, a group-specific inhibitor of cysteine proteinases, but they are sensitive to Z-FAck ase) in gingival crevicular fluid [38 -41] that may be responsible for connective tissue destruction.
and Z-FKck (see table 2 for definitions) [48] . There are some differences with regard to the sensitivity of these enzymes, In such a highly proteolytic environment, subgingival plaque bacteria would clearly thrive due to the presence of high consince the inhibitors ZnCl 2 , leupeptin, antipain, and EDTA failed to inhibit gingipain K even at high concentrations, whereas centrations of peptides and amino acids, thus further aggravating tissue destruction. Gingipains R have also been reported they were effective inhibitors of gingipains R [6, 17, 48] . Sensitivity to inhibition by specific inhibitors allowed us to use to degrade host matrix proteins, which in turn may lead to increased exposure of the cryptic ligands that can result in these compounds to study the pathological importance of each activity in P. gingivalis infection. enhanced fimbria-mediated binding of P. gingivalis to periodontal tissues [42] . Recent studies indicate that gingipain R1 P. gingivalis A7436 was preincubated with 0.1 mM of leupeptin, Z-FKck, or Z-FAck in dH 2 O, or in dH 2 O only, for 1 is capable of activating factor X and suggest that this gingipain could be responsible for the production of thrombin [43] .
hour at 37ЊC under anaerobic conditions. Cultures were washed and a bacterial suspension corresponding to 10 9 cfu was inocuAmong the plasma proteins, fibrinogen seems to be the major target for gingipain K. In vitro, this enzyme degrades the filated into subcutaneous chambers implanted in mice [46, 47] . Viability of cultures prior to inoculation of mice was confirmed. brinogen A alpha-chain within minutes [44], thus rendering it nonclottable. It has been postulated that the nonrestricted activ-P. gingivalis A7436 was highly infectious, producing ulcerated necrotic lesions on the abdomens of 91% of control mice, and ity of gingipain K in periodontal pockets contributes to a bleeding tendency, especially since it also very efficiently destroys 75% of these mice died (table 2) . P. gingivalis was isolated from the chamber fluid of 100% of infected mice and was the procoagulant portion of high-molecular-weight kininogen [44] . The ability of the hemagglutinin domains of P. gingivalis detected up to day 6 post-infection, after which point the experiment was terminated (table 3) . Preincubation of P. gingivalis gingipain R1 and gingipain K to hemagglutinate erythrocytes has also been well documented [6, 11] . The proteinase-hemagwith leupeptin, Z-FKck, or Z-FAck prior to infection of mice resulted in the inhibition of abdominal lesion formation, with glutinin complexes may thus be important in the uptake of essential growth factors, via hemagglutination, hemolysis of survival of all animals (table 2). Preincubation of P. gingivalis with these inhibitors prior to infection also resulted in a deerythrocytes, and subsequent degradation of hemoglobin [6, 45] . crease in the P. gingivalis cfu recovered from chambers (table  3) . In the group of mice that were infected with P. gingivalis preincubated with leupeptin, Z-FKck, or Z-FAck, we found
Role of Cysteine Proteinases Assessed in Animal Models
that the number of P. gingivalis cfu decreased significantly as compared with cfu in the control group. Inoculation of inhibiWe recently initiated studies to examine the role of the P. gingivalis gingipains in virulence. For these studies, we tors alone had no effect on the pathological findings in mice (data not shown). utilized a mouse chamber model that we previously developed to examine the virulence potential of various P. gingivalis These results indicate that inactivation of the P. gingivalis cysteine proteinases, including gingipains R and gingipain K, strains [46, 47] . Prior to infection of mice, we preincubated / 9c63$$mr18 02-24-99 10:55:43 cida UC: CID * Aliquots of fluid from each chamber were streaked onto anaerobic blood agar plates and cultured at 37ЊC for 7 days under anaerobic conditions. The values in parentheses are the numbers of cfu obtained from the chamber fluid.
† Proteinase inhibitors were preincubated with P. gingivalis A7436 for 1 hour, and cultures were used to infect mice. Control cultures were preincubated with dH 2 O only.
‡ Nine of 12 animals in this group had died by day 6. The remaining animals were killed.
prior to infection in mice results in a decrease in virulence of severe untreated periodontitis. For these pilot studies we examined sera from 15 patients attending the Periodontology Clinic P. gingivalis in the mouse chamber model, as assessed by growth within the chamber, abdominal lesions, and death. Our in the Department of Periodontology of the Colegium Medicum, University of Jagiellonian (Krakow, Poland). These paresults are in agreement with previous studies in which the role of cysteine proteinases in the ability of P. gingivalis to colonize tients were classified as having ú6-mm pocket depths in at least three sites located around separate teeth. The presence of and invade in an animal model has been documented [49, 50] . P. gingivalis rgp1 and rgp2 mutants have recently been shown P. gingivalis in gingival crevicular fluid samples obtained from these sites was confirmed. The patients' ages ranged from 29 to to exhibit a marked reduction in virulence [47] . Taken together, these studies support the theory that gingipains R have a major 49 years (mean, 39 years); none of the patients were medically compromised. Patients had not been on antibiotic therapy in role in the virulence potential of P. gingivalis. These enzymes may contribute to the virulence potential of P. gingivalis in a the 6-month period before seeking periodontal therapy. multifactorial manner by influencing adherence to host tissues, For western blot analysis, purified IgG was isolated from degrading host proteins, and disturbing host defenses [5] . Furindividual sera and used to probe blots containing gingipain ther, it is known that gingipains R may act as processing pro-R1, gingipain R2, gingipain K, and P. gingivalis outer-memteinases responsible for self-maturation as well as for maturabrane and vesicle preparations; a representative western blot is tion of gingipain K, fimbrillin, and a 75-kDa outer-membrane shown in figure 3 . We found that an IgG response was directed protein [50, 51] . Since fimbrillin, gingipains R, and gingipain to gingipain R1 and gingipain K, with a strong response di-K have been documented in the virulence potential of P. gingirected to the hemagglutinin domains of these proteinases. This valis [52 -55] , gingipains R may play a central role in the was evident in purified gingipain R1 and gingipain K preparapathogenesis of periodontal disease via the production of pathotions and in P. gingivalis outer-membrane and vesicle preparaphysiologically significant bacterial proteins.
tions. Reactivity was also observed with the catalytic domain Since the majority of P. gingivalis strains examined in one of gingipain R1 (figure 3). study appeared to produce gingipains R and gingipain K [16] , It has recently been demonstrated that antibodies specific for it has been postulated that the involvement of these proteinases gingipains R were produced in adult periodontitis patients, and in virulence may be due to differential regulation and enhanced the majority of antibodies were reactive with antigenic determiexpression in virulent strains. In this regard, several reports nants within the hemagglutinin/adhesin domain of gingipain R1 have documented that the expression of the cysteine proteinases [23] . These results indicate that gingipains are major antigens of can vary in response to hemin as well as to the specific phase P. gingivalis and as such may play an important role in host of growth [56] . However, definitive studies on regulation of the defense. However, it is not known if antibodies directed to the gingipains by environmental factors have not been described.
hemagglutinin domain of gingipain R1 function in a protective capacity. Indeed, it has been documented that although patients with a history of destructive periodontal disease frequently have Systemic Response to Gingipains R in Adults with an elevated IgG antibody response to P. gingivalis, these antibodPeriodontitis ies are apparently ineffective at limiting continued disease progression [57] [58] [59] [60] [61] [62] [63] . It will be important to define the function of To determine if patients with periodontal disease mount an antibodies directed to the hemagglutinin domain and their role antibody response to gingipains, we initiated studies to examine the systemic response to P. gingivalis It is interesting that when we probed western blots with antisera raised to gingipains R1 in rabbits or chickens, we also observed strong reactivity to the hemagglutinin domain of gingipain R1 and gingipain K, with little reactivity to the catalytic domain ( figure 4A and 4B) . It was also of interest that immunization of mice or rabbits with P. gingivalis whole cells resulted in the production of antibodies directed to the hemagglutinin domains of gingipain R1 and gingipain K, as evident in purified protein preparations or in outer-membrane and vesicle preparations (figures 4C and 4D). Taken together, these results and those obtained in previous studies indicate that sequences within the hemagglutinin domain of gingipains are very immunogenic.
When we immunized mice with a peptide derived from the C-terminal region of the hemagglutinin domain of gingipains R, we did not observe protection following challenge with P. gingivalis in the mouse chamber model [64] . However, the We have also observed that immunization of mice with a peptide derived from the N-terminal sequence of the catalytic domain of gingipains R protects from P. gingivalis infection in the mouse chamber model [64] . Although immunization with Role of Gingipains in Protection Against P. gingivalis the entire gingipain R1 induced an IgG response to the cell Infection surface enzyme in intact bacteria, antibodies generated following immunization with the N-terminal peptide were unable to To determine if the generated antibodies to gingipains could function in a protective capacity, we have initiated studies in recognize the mature protein in whole cells. These results have led us to postulate that the protective effect induced following mice to define protective epitopes of gingipains R. Immunization of mice with either P. gingivalis whole cells or purified immunization with the N-terminal peptide results from antibody binding within the sequence of progingipain transiently gingipain R1 or gingipain R2, followed by challenge with a virulent P. gingivalis strain, was observed to protect against expressed on the cell surface (figure 1).
We have also observed that rabbit antisera to the N-terminal P. gingivalis colonization and invasion in the mouse chamber model [64] . Immunization with whole cells or purified gingiportion of the catalytic domain of gingipain R1 or gingipain R2 did not recognize gingipain R1 in membrane or vesicle pain R1 generated a major IgG response targeted to epitopes within the adhesin/hemagglutinin domain of gingipains R [64] .
preparations unless samples were dissociated by boiling, a finding suggesting that this epitope is not exposed in whole The observed strong reactivity to the hemagglutinin domain is in agreement with the above results obtained with patient cells or vesicles. We postulate that antibody binding interferes with the processing or folding of progingipain R, resulting in sera. These results indicate that the hemagglutinin domain of ble for the clinical features of periodontitis induced by P. gingivalis, such as gingival crevicular fluid production, neutrophil accumulation, and bleeding. Inactivation of the cysteine proteinases prior to infection in mice has been demonstrated to result in attenuation of the virulence of P. gingivalis. Immunization of mice with gingipains R has been shown to protect mice following challenge with P. gingivalis in the mouse chamber model. In addition, immunization with a peptide corresponding to the N-terminus of the catalytic domain of gingipain R1 results in the generation of an immune response that affords protection of mice from P. gingivalis infection in the mouse chamber model.
We postulate that inhibition of the maturation and/or activity of gingipain R1 results in limited maturation of important virulence factors required for growth and colonization of P. gingivalis in the mouse chamber model. Future studies are aimed at defining the mechanism of action of induced antibodies to specific gingipain R epitopes. Such antibodies may prove useful for intervention in P. gingivalis -mediated periodontal diseases.
